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We present the first rock magnetic study of archeologically-relevant chert samples from
the Basque-Cantabrian basin (BCB) and surrounding regions, which was conducted in
order to test the usefulness of non-destructive magnetic properties for assessing chert
quality, distinguishing source areas, and identifying heated samples in the archeological
record. Our results indicate that the studied BCB cherts are diamagnetic and have very
low amounts of magnetic minerals. The only exception is the chert of Artxilondo, which
has a median positive magnetic susceptibility associated with larger concentrations
of magnetic minerals. But even in this case, the magnetic susceptibility is within the
lower range of other archeologically-relevant cherts elsewhere, which indicates that
the studied BCB cherts can be considered as flint. The similar median values for all
magnetic properties, along with their associated large interquartile ranges, indicates that
rock magnetic methods are of limited use for sourcing different types of flint except in
some specific contexts involving the Artxilondo flint. With regards to the identification
of chert heating in the archeological record, our results indicate only a minor magnetic
enhancement of BCB natural flint samples upon heating, which we attribute to the low
amount of non-silica impurities. In any case, the diamagnetic behavior of most BCB
natural flints, along with the local use only of the Artxilondo type, suggests that any flint
tool within the core of the BCB with positive magnetic susceptibility values is likely to
have been subjected to heating for improving its knapping properties. Further studies
are necessary to better identify the type, origin and grain size of magnetic minerals in
BCB natural flints, and to apply non-destructive magnetic properties to flint tools in order
to identify the use of heat treatment in the BCB archeological record.
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INTRODUCTION
Magnetic minerals are virtually present in all types of rock samples, albeit in concentrations as low
as few parts per million (see Thompson and Oldfield, 1986; Verosub and Roberts, 1995; Dunlop
and Özdemir, 1997; Evans and Heller, 2003; Liu et al., 2012). Despite of these low concentrations,
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equipment available at most paleomagnetic laboratories
enable a very sensitive way for rapidly identifying different
types of magnetic minerals as well as establishing relative
variations in their concentration and grain size. Since these
properties are controlled by physico-chemical conditions
prevailing during formation and accumulation of magnetic
minerals, environmental magnetic techniques can be used for
discriminating different rock samples on their basis of their rock
magnetic properties. The advantage of environmental magnetic
techniques is that most of them are non-destructive and can be
combined with standard geochemical and geophysical tools.
Environmental magnetic properties have been successfully
used for identifying and classifying different types of natural
materials such as meteorites (e.g., Folco et al., 2006). They
have been also applied in archeology for discriminating obsidian
and other raw material of archeological interest such as chert
and flint (McDougall et al., 1983; Tarling, 1990; Church and
Caraveo, 1996; Borradaile et al., 1998; Thacker and Ellwood,
2002; Sternberg, 2008). Studies focused on chert samples have
already shown the usefulness of rock magnetic properties to
establish the degree of chert purity and to assess the provenance
of some chert types (see Borradaile et al., 1993, 1998; Thacker
and Ellwood, 2002; Sternberg, 2008). Some of these papers have
also noticed the important changes in rock magnetic properties
of chert samples upon heating (Borradaile et al., 1993, 1998).
This has important implications, because thermal treatment of
chert improves its flaking properties (by helping fractures to
propagate within the material, Domanski and Webb, 1992) and
its identification can be used to constrain variable technological
capabilities. Identification of burnt chert is important also
because it can provide reliable paleointensity determinations
(Kapper et al., 2015). In order to further examine the potential
of environmental magnetic parameters for assessing chert quality
and distinguishing source areas, new studies of archeologically
relevant regions are necessary. In this work we provide the first
report of non-destructive environmental magnetic properties
of raw chert samples collected in outcrops from the Basque-
Cantabrian, western Ebro and Aquitanian basins, and the
western Pyrenees (Figure 1), a region characterized by a large
number of archeological sites (see Tarriño et al., 2015). Previous
studies of this kind in Spain are restricted to short publications
and meeting presentations in which the magnetic properties of
chert are not discussed in detail (Larrasoaña et al., 2010; Ortega
et al., 2016).We have alsomade some heat treatment experiments
in order to establish the magnetic properties of chert after heating
and to explore the possibility of identifying heated samples in the
archeological record.
MATERIALS AND METHODS
Rock magnetic properties were measured for 71 raw chert
samples collected from upper Cretaceous to Miocene marine
(deep and shallow settings) and continental (lacustrine)
sedimentary rocks from the Basque-Cantabrian basin (BCB)
and the surrounding areas of the eastern part of the Aquitanian
basin, the eastern Ebro basin, and the western Pyrenees
(Figures 1, 2). In the following, we will refer to the studied area
as the BCB to account for the relevance and central location
of this area in the studied dataset. The studied cherts appear
as irregular, ellipsoidal or botryoidal nodules embedded within
marls, limestones and turbidite layers, although in some cases
some laminar and massive-brechoid varieties are also found
(Figure 3; Tarriño et al., 2015). These cherts are not related to
the primary accumulation of silica-producing organisms such
as radiolarians, sponges or diatoms, but to a secondary (early
diagenetic) replacement of the host rock by dissolved silica that
precipitates in the form of microcrystalline quartz (Olivares
et al., 2009; Tarriño et al., 2015). Cherts formed in deep marine
(abyssal) sedimentary environments (e.g., Artxilondo, Kurtzia,
Bidache types) are composed mainly of α-quartz, whereas those
formed in shallow marine settings (e.g., Urbasa) and continental
environments (e.g., Ablitas, Loza, Treviño) are composed of
both α-quartz and moganite (Olivares et al., 2009). The early
diagenetic origin of these chert types is attested by the occurrence
FIGURE 1 | Synthetic map of the Basque-Cantabrian basin and
surrounding regions with the location of the chert types studied in this
work (after Tarriño et al., 2015).
FIGURE 2 | Sketch showing the depositional environment for the
studied chert types.
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FIGURE 3 | Field examples of the different chert types studied in this
work. (A) Treviño; (B) Ablitas; (C) Loza; (D) Urbasa; (E) Artxilondo; (F) Kurtzia.
Red arrows indicate the positions of chert nodules or accumulations. Note the
nodular appearance of chert in all cases but in (E), where laminar chert is
found.
of some faints of microfossils embedded within the chert, which
results in minor amounts (<2%) of calcium carbonate and
organic matter. Fossils embedded occasionally within chert
include planktonic foraminifera in the case of deep marine types
(Artxilondo, Kurtzia, Bidache types), large benthic formanifera
and echinoderms in the case of shallow marine types (Urbasa),
and gastropods, ostracodes, and algal laminations in the case
of continental types (Ablitas, Loza, Treviño; see Olivares et al.,
2009; Tarriño et al., 2015). Chert samples were collected from
their host rocks in 8 localities (Urbasa cherts were sampled at
two sites). At every site, 5 to 9 nodules (one sample per nodule or
individual accumulation) were taken.
The studied cherts belong to seven of the most relevant
chert types used since the Paleolithic in an archeologically
important area that includes the regions of Asturias, Cantabria,
Basque Country, Navarra (in Spain) and Pyrénées Atlantiques
(in France) (Table 1; see Tarriño et al., 2015 for a detailed
account). Of these chert types, five of them are labeled as
“widespread” (“tracer” in Tarriño et al., 2015) due to their
high knapping quality and widespread distribution through the
studied area. The Kurtzia chert is present in most Paleolithic
sites in the region, including Las Caldas (Asturias), Altamira
(Cantabria), Antoliñako Koba (Basque Country), and Alkerdi
(Navarra), among many others. The Bidache chert is the main
chert identified in Isturitz (Pyrénées Atlantiques) and is also
relevant in Spanish sites such as Las Caldas (Asturias), Altamira
(Cantabria), Antoliñako Koba (Basque Country), and Alkerdi
(Navarra). Another commonly used chert is the Urbasa type,
which is found in sites such as Isturitz (Pyrénées Atlantiques),
Las Caldas (Asturias), Altamira (Cantabria), Mugarduia and
Portugain (Navarra), and Antoliñako Koba (Basque Country).
The Treviño chert is also found throughout the BCB region,
at sites such as Las Caldas (Asturias), Altamira (Cantabria),
Antoliñako and Labeko caves (Basque Country), Mugarduia and
Portugain (Navarra), and Isturitz (Pyrénées Atlantiques). Since
the Neolithic, the Ablitas chert is widely used throughout the
BCB region too. In contrast to these widespread chert types,
the other chert types are less used due to their lower knapping
qualities. The Loza type has a more restricted use (in sites
such as Mendandia and Kanpanoste, Basque Country) and is
considered of regional importance (Tarriño et al., 2015). The
Artxilondo chert has an even more restricted use, so that it has
been found only in the neighboring Aizpea site (Navarra) and is
considered of local importance (Tarriño et al., 2015). Extraction
workshops appear associated with at least four of these chert
types, namely Kurtzia (Kurtzia Prehistoric Station, Barandiarán
et al., 1960), Urbasa (Mugarduia Sur; Barandiarán et al., 2013),
Bidache (Mouguerre megabreccia; Normand, 2002) and Treviño
(Pozarrate; Tarriño et al., 2014; see Figure 1).
Decorticated (e.g., without the altered rim) chert samples
were cut in cubes that were, in turn, mounted on standard
paleomagnetic plastic cubes of 2 × 2 × 2 cm. Rock magnetic
measurements were performed at the Paleomagnetic Laboratory
of the IES Jaume Almera (CCiTUB-ICTJA CSIC), and include
the low field magnetic susceptibility (χ) and two isothermal
remanent magnetizations applied at 0.3 T (IRM@0.3T) and
1.2 T (IRM@1.2T). χ was measured with a Kappabridge KLY-
2 (Geofyzica Brno) susceptibility bridge using a field of 0.1
mT at a frequency of 470Hz. IRM@0.3T and IRM@1.2T were
produced using a IM10-30 (ASC Scientific) pulse magnetizer
and were measured using a SRM755R (2G Enterprises)
three-axes cryogenic superconducting rock magnetometer. All
magnetic properties were normalized by the weight of the
samples. We have used different magnetic properties and
interparametric ratios to determine relative variations in the
type and concentration of magnetic minerals (Thompson and
Oldfield, 1986; Verosub and Roberts, 1995; Evans and Heller,
2003; Liu et al., 2012). χ is typically used as a first order
indicator for the concentration of ferromagnetic (s.l.) minerals,
but it is also affected by other common rock constituents
such as diamagnetic (e.g., quartz and most carbonates) and
paramagnetic (e.g., clays, feldspars) minerals. A better proxy for
the concentration of ferromagnetic (s.l.) minerals is IRM@1.2T
(Thompson and Oldfield, 1986). Then, the forward S ratio
(defined as IRM@0.3T/IRM@1.2T, see Kruiver and Passier,
2001), can be used to indicate the relatively contribution of
low (e.g., magnetite) vs. high (hematite and goethite) coercivity
minerals.
Heat treatment experiments were later conducted with the
same set of chert samples using a paleomagnetic furnaceMMTD-
80 (Magnetic Measurements). In order to simulate conditions
likely available for ancient humans, samples were heated with
a rate of 30◦C per min to a maximum temperature of 450◦C
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TABLE 1 | Median values and associated interquartile ranges (IQR) for magnetic properties of BCB chert types measured in this study.
Chert type χ (10−9 kg/m3) IQR (10−10) IRM@1.2T IQR (10−6) S ratio IQR N χ heated IQR (10−9) N
(10−6 Am2/kg) (10−9 kg/m3)
Treviño −4.54 1.58 3.24 2.5 0.93 0.04 10 1.9 5.19 9
Ablitas −4.24 8.05 1.87 5.75 0.93 0.28 10 −2.76 3.03 8
Loza -4.62 3.55 6.74 2.44 0.98 0.5 5 −4.1 1.21 3
Urbasa 1 −4.19 3.92 4.32 8.14 0.79 0.37 10 −1.31 2.46 9
Urbasa 2 −4.43 6.16 2.04 0.78 0.91 0.2 9 −3.27 0.93 7
Artxilondo 9.32 270 40.3 50.5 0.94 0.14 8 7.02 16.1 8
Bidache −4.56 5.37 5.31 5.03 0.94 0.08 9 −2.51 3.57 7
Kurtzia −2.88 8.13 1.99 2.44 0.93 0.1 10 −2.77 9.46 5
(Schindler et al., 1982; Borradaile et al., 1993). After 2 h at
this temperature, samples were left to cool down freely. Since
samples broke up into small flaky fragments and shreds upon
thermal treatment, the only magnetic parameter that could be
reliably measured in 56 samples (after they were again weighted
and mounted in new plastic cubes) was the low field magnetic
susceptibility.
RESULTS
Natural Chert
The magnetic susceptibility of all the studied chert samples is
negative, which indicates a dominantly diamagnetic behavior
(Figure 4A; Table 1; Supplementary Table). The exceptions are
one sample from the continental chert of Ablitas and most
samples from the flysch-derived chert of Artxilondo, whose
magnetic susceptibility reaches up to 4 × 10−8 m3/kg. Overall,
the magnetic susceptibility of the studied cherts is much
smaller than that of most chert types reported in the literature
(see Thacker and Ellwood, 2002), with the exception of the
Montmaneu (Spain, Ortega et al., 2016) and Ingoldmells (UK,
Borradaile et al., 1998) cherts (Figure 4B).
IRM@1.2T values of up to 1 × 10−4 Am2/kg indicate,
despite the dominant diamagnetic behavior, measurable amounts
of magnetic minerals (Figure 4C). The highest IRM@1.2T
intensities are found for the Artxilondo chert and for some
samples of the Ablitas and Loza cherts. For the rest of the samples,
IRM@1.2T values are typically lower than 2 × 10−5 Am2/kg,
which therefore indicates significantly smaller concentrations of
magnetic minerals. Concerning S ratios, most of the studied
samples have values higher than 0.9, although values lower than
0.9 and even lower than 0.5 are occasionally observed (Figure 4D;
Table 1). The large variability of magnetic properties among
samples is indicative of the presence of a non-homogeneous
mixture of magnetic minerals likely characterized by different
concentrations and grain sizes.
In Figure 5, magnetic susceptibility values of the studied chert
samples are plotted as a function of the log of the IRM@1.2T,
which enables comparison with other cherts for which both
magnetic properties have been measured (Borradaile et al., 1998).
Our chert samples from the BCB fall within the lower range of
χ and IRM@1.2T intensities reported for chert samples from
northern Ontario, and are very similar to those from Ingoldmells
(UK; Borradaile et al., 1998). The exceptions are most of the
samples from the Artxilondo chert and some samples from the
Loza and Ablitas cherts. Overall, χ remains rather constant for
log IRM@1.2T values of up to –4.5 (Am2/kg) for all chert types
regardless its source. Above that value, log IRM@1.2T shows a
positive correlation with χ (Figure 5).
Chert Heating Experiments
After heating, the magnetic susceptibility of most studied
chert samples experiences a significant increase (Figure 4A;
Table 1). Nevertheless, negative values are still found for several
samples, which indicate that the amount of either magnetic or
paramagnetic minerals formed upon heating has not increased
dramatically. Noticeably, we report a slight decrease in the
median magnetic susceptibility of the Artxilondo chert upon
heating. Regardless, the magnetic susceptibility of all the studied
BCB chert samples fall well below the range of magnetic
susceptibility values reported for both heated manufactured tools
and laboratory-heated chert samples from N Ontario, which
reach values exceeding 20 and 100 × 10−8 m3/kg, respectively
(Borradaile et al., 1998).
DISCUSSION
Environmental magnetic parameters have been proposed to be
useful for assessing chert quality, distinguishing source areas,
and identifying heated samples in the archeological record
(Borradaile et al., 1993, 1998; Thacker and Ellwood, 2002;
Sternberg, 2008).We discuss our results from the BCB chert types
in light of these three main issues, and consider first an additional
aspect (type and origin ofmagneticminerals in chert) that has not
been addressed in previous archeo-magnetic studies.
For all BCB chert types, S ratios of most samples (63%)
are higher than 0.9 (Figure 4D). This indicates that magnetite
is the main magnetic mineral, with some likely contribution
from hematite (Thompson and Oldfield, 1986; Verosub and
Roberts, 1995; Frank and Nowaczyk, 2008). The rest of the
samples have S ratios down to 0.1, which points to either the
dominance of hematite (Frank and Nowaczyk, 2008) or the
additional occurrence of goethite (Thompson and Oldfield, 1986;
Bloemendal et al., 1992; Verosub and Roberts, 1995). Keeping
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FIGURE 4 | Rock magnetic data for the studied chert samples (crosses) and their comparison with data from other chert types reported in the
literature. (A) Magnetic susceptibility of raw (blue) and heated (red) chert types from the Basque-Cantabrian basin and surrounding regions; (B) Magnetic
susceptibility data for other natural chert types reported in the literature. Data for Alibates, Edwards, Flattop Butte, Knife River, Spearfish, Lost Maples, Tiger (USA),
Brandon (UK) and Rio Maior and Azinheira (Portugal) are after Thacker and Ellwood (2002); data for Ingoldmells (UK) are after Borradaile et al. (1998); data for
Montmaneu (Spain) are after Ortega et al. (2016). (C) IRM@1.2T data for the studied natural chert types. (D) S ratios for the studied natural chert types. Whiskers
indicate the interquartile ranges around the median values (large dots) but in (B), where they indicate the standard deviation around the mean values provided in the
source studies.
in mind that our measurements were conducted with fresh
chert samples, and therefore avoiding present-day weathering,
we interpret that magnetic minerals in the studied BCB chert
types represent primary constituents that have been enclosed in
chert during early diagenetic replacement of the parent sediment
by silica within concretions. Although hematite and goethite are
less common in marine environments (Liu et al., 2012), their
occurrence as primary minerals in deep and shallow marine
rocks from the BCB can be explained as a result of oxidizing
microenvironments or as survivors of reductive dissolution
undergone typically in marine sedimentary environments
(Roberts, 2015). Future rock magnetic analyses are necessary to
further constrain and examine any potential controlling factor
(e.g., depositional setting, age) on the magnetic mineralogy of
different BCB chert types. It has been recently suggested that
rock magnetic methods might play a role in elucidating the role
of iron oxides in the formation of sedimentary chert (Roberts,
2015), which has important implications for interpreting chert
as the imprint of past biological conditions (Meister et al.,
2014). Florindo et al. (2003) have suggested that magnetic
minerals will tend to be dissolved in sedimentary environments
undergoing silica formation. In contrast, Meister et al. (2014)
have recently proposed that early diagenetic formation of chert
might be catalyzed by adsorption of silica on pre-existing iron
oxide particles. Further rock magnetic studies of archeologically-
relevant chert might, incidentally, help to solve this discrepancy.
Thus, a comparison of the magnetic properties of chert and
its host rocks (specially artificial remanences) might readily
tell whether chert formation is associated with an increase (as
suggested by the model of Meister et al., 2014) or a decrease
(as derived from the model by Florindo et al., 2003) in the
concentration of magnetic minerals within chert concretions.
Regardless the type and concentration of magnetic minerals in
the different BCB chert types, the median magnetic susceptibility
of the studied chert types is negative and very close to that of
pure silica (–0.62 × 10−8 m3/kg; Dunlop and Özdemir, 1997).
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FIGURE 5 | Plot showing the log of the IRM@1.2T vs. magnetic
susceptibility of the studied samples from the Basque-Cantabrian
basin and their comparison with data from N Ontario (Canada) and
Ingoldmells (UK) (Borradaile et al., 1998).
The only exception is the flysch-derived chert of Artxilondo,
which has a positive median magnetic susceptibility of 9.32
× 10−9 m3/kg) that is within the lower range of other less
pure, archeologically-relevant cherts from Portugal, USA, UK
and Canada (Figure 4A) (see Borradaile et al., 1998; Thacker
and Ellwood, 2002). This indicates that all the studied BCB
cherts, possibly including the Artxilondo type, can be considered
as flint, which is the purest variety of chert (Borradaile et al.,
1998). The excellent knapping properties of these flints, and their
concomitant widespread use by humans inhabiting the region
during the Paleolithic andNeolithic (Tarriño et al., 2015), appears
to be linked with a near pure-silica composition that is signaled
by a diamagnetic behavior (negative magnetic susceptibilities)
and the lowest concentrations of magnetic minerals (e.g., lowest
IRM@1.2T intensities). The poorer knapping properties and
limited (local only) use of the Artxilondo chert appear to be
linked with a higher content in impurities, which are signaled
by the highest magnetic susceptibility and IRM@1.2T values
of all the studied BCB dataset. Noticeably, the BCB shows an
outstanding abundance and widespread distribution of high-
quality flint types compared with other regions, which might
explain the extraordinarily rich record of lithic material found in
the area.
Concerning the identification of source areas, the similar
median values of most magnetic properties for the different
chert types (Table 1), coupled with overlapping interquartile
ranges (Figure 4), limits our capability to identify the source of
the raw material found in the archeological areas but in some
specific contexts. For example, the western Pyrenean region lacks
chert-bearing continental and shallow-marine Paleocene units.
In this region, a combination of negative magnetic susceptibility
values with high IRM@1.2T intensities (>2 × 10−5 Am2/kg)
and low S ratios (<0.6) might therefore signal non-Artxilondo
flint sourced tens of kilometers further west. Similarly, any
Paleolithic flint tools within the core of the BCB with low
S ratios (<0.7) likely correspond with either Urbasa or Loza
flints, since the Ablitas type was not yet used in the region
and the Artxilondo flint is of local use in the western Pyrenees
only. In any case, it appears that non-destructive magnetic
properties such as the ones measured here need to be treated
with caution for an initial screening of different flint types
that needs to be contrasted with other analytical methods
(see Olivares et al., 2013).
The last issue under consideration is that of using magnetic
properties to identify heat treatment of chert in the archeological
record. Our results indicate only a minor magnetic enhancement
of BCB natural flint samples upon heating, so that the slight
increase in magnetic susceptibility observed for most heated
samples (which reach values of up to ∼7 × 10−8 m3/kg,
Figure 4A) contrast with the values (ranging between 20 and
100 × 10−8 m3/kg) found, for example, for heated N Ontario
cherts (Borradaile et al., 1998). We attribute the modest magnetic
enhancement of BCB flints upon heating to the low amount
of non-silica (e.g., Fe-bearing) impurities. Given such slight
magnetic enhancement, it is unlikely that other magnetic
properties that can be eventually measured as proxies for
the concentration of magnetic minerals (e.g., IRM@1.2T) will
experience the dramatic (e.g., at least ten-fold) increase observed
in other heated cherts (Borradaile et al., 1993, 1998). In any case,
the negative magnetic susceptibility values of most BCB natural
flints, along with the local use only of the Artxilondo type (the
only natural flint with positivemagnetic susceptibilities), suggests
that any flint tool within the core of the BCB with positive
magnetic susceptibility values is likely to have been subjected to
heating for improving its knapping properties. In the western
Pyrenees, were Artxilondo-type flint is likely to be dominant, the
similar magnetic susceptibility values before and after heating
prevent identification of heating treatment in the archeological
record.
CONCLUSIONS
The studied chert samples from the BCB are diamagnetic and
have very low (but measurable) amounts of magnetic minerals
(mainly magnetite and hematite) that have been enclosed in
chert during early diagenetic replacement of the parent sediment
by silica. This indicates that most chert types in the BCB can
be considered as flint, which is the purest variety of chert.
The only exception is the chert of Artxilondo, which has a
median positive magnetic susceptibility associated with larger
concentrations of magnetic minerals. But even in this case,
the magnetic susceptibility is within the lower range of other
archeologically-relevant cherts elsewhere. The high purity of
the BCB flints, along with their widespread occurrence, might
explain the extraordinarily rich record of lithic material found in
the area.
The similar median values for all magnetic properties
measured in this study for the different flint types, along with
their associated large interquartile ranges, indicates that rock
magnetic methods are of limited use for sourcing different types
of flint, but in some specific contexts. Thus, the distinctively
different magnetic properties of the Artxilondo flint suggests that
any other flint type transported into the western Pyrenean from
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the core of the BCB can be easily recognized by means of non-
destructive magnetic properties that will need, in any case, to be
contrasted against other methods.
Concerning the use magnetic properties to identify heat
treatment of chert in the archeological record, our results indicate
only aminormagnetic enhancement of BCB natural flint samples
upon heating, which we attribute to the low amount of non-
silica (e.g., Fe-bearing) impurities. In any case, the diamagnetic
behavior of most BCB natural flints, along with the local use
only of the Artxilondo type (the only natural flint with positive
magnetic susceptibilities), suggests that any flint tool within the
core of the BCB with positive magnetic susceptibility values
is likely to have been subjected to heating for improving its
knapping properties. Further studies are necessary to better
identify the type, origin and grain size of magnetic minerals in
BCB natural flints and to test the usefulness of non-destructive
magnetic properties for sourcing flint tools and for identifying
the presence of heated flint tools in the BCB.
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